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Abstract 
 
Poly(hexamethylene terephthalate) was cyclo-depolymerized in solution by heating to yield a 
fraction of cyclic oligomers of hexamethylene terephthalate (c(HT)2-5) with a content around to 
95% in dimer to pentamer. Ring-opening polymerization in the melt of c(HT)2-5, either neat or in 
mixtures with ε-caprolactone (CL) covering a range of HT/CL ratios from 9/1 to 1/9  was carried 
out to produce polyesters with molecular weights above 30,000 in high yields. The copolyesters 
had a comonomer composition according to the feed and the microstructure evolved from 
random to blocky as the content in CL increases. The thermal and mechanical properties of the 
copolyesters were evaluated for a variety of compositions. Results obtained in this work were 
compared to those previously obtained by us in the ring-opening copolymerization of CL with a 
cyclic oligomeric fraction enriched in hexamer and heptamer (c(HT)6-7). Although the polyesters 
resulting from the use of these two fractions were similar, significant differences were found in 
polymerization rate evidencing a lower reactivity of c(HT)n with decreasing values of n. 
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1. Introduction 
 
Aromatic polyesters are typically prepared by step-growth polycondensation in the melt [1,2]. A 
second option is the ring-opening polymerization (ROP) of cyclic oligoesters under solvent free 
conditions [3]. This methodology is widely used in the synthesis of aliphatic polyesters as 
polyglycolide and polylactide, poly(ε-caprolactone) or poly(p-dioxanone) [4-6].  In this method, 
the polyester is prepared from low-viscosity precursors by an entropically driven process that 
evolves without releasing of volatiles or emission of heat. However, the potential of ROP is 
strongly constrained by the limited availability of suitable cyclic monomers. Increasing attention 
is being paid recently to the utilization of cyclic oligoesters as feedstock for the synthesis and 
processing of aromatic polyesters [3, 7-9]. One source of cyclic oligoesters of great interest is 
cyclo-depolymerization of linear polyesters, which in combination with ROP, would provide an 
environmentally friendly route for the chemical recycling of currently important thermoplastics as 
poly(ethylene terephthalate) (PET), poly(butylene terephthalate) (PBT) and other closely related 
industrial aromatic polyesters and copolyesters [10-14]. 
 
Poly(hexamethylene terephthalate) (PHT) is a semi-crystalline aromatic polyester that has not 
been industrially used to date. The presence of the hexamethylene segment confers to this 
polyester a great chain flexibility that is reflected in a relatively low Tg (~ 10 °C) and a moderate 
Tm (~140 °C) as compared to PET [15-16]. Nevertheless, PHT continues exhibiting good 
mechanical properties and chemical resistance characteristic of aromatic polyesters [17].  PHT is 
not biodegradable, and as it happens with other poly(phthalate)s, block copolyesters of 
hexamethylene terephthalate (HT) and -caprolactone have been explored for their potential as 
biodegradable materials for packaging [18]. Recently we succeeded in preparing copolyesters of 
HT and ε-caprolactone (CL) by ROP. A fraction of hexamethylene terephthalate cyclic oligomers 
consisting of a mixture of hexamer and heptamer c(HT)6-7 prepared by cyclo-depolymerization of 
PHT was used for this synthesis [19]. 
 
In this paper we wish to report again on the preparation of poly(hexamethylene terephthalate-co-
caprolactone) copolyesters by ROP, but now using a fraction of cyclic hexamethylene 
terephthalate oligomers c(HT)2-5 enriched in  dimmer  to  pentamer. The aim of the work is to 
evaluate the influence of the size of the cyclic oligoesters on the ring-opening polymerization 
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reaction and on the structure and properties of the resulting polyesters. Firstly the oligomeric 
c(HT)2-5 fraction was prepared by cyclo-depolymerization of PHT and characterized in full detail. 
Secondly, a series of copolyesters with a ratio of HT to CL ranging from 90/10 to 10/90, in 
addition to the PHT homopolymer, were prepared by ROP. The progress of the polymerization 
reaction using one or the other fraction, as well as the chemical structure and thermal properties 
of the copolyesters generated in each case were comparatively studied.  
 
2. Experimental 
2.1. Materials and measurements 
Dimethyl terephthalate (DMT) (99%), hexanediol (HD) (99%), ε-caprolactone (CL) (>99%), 
dibutyltin oxide (DBTO) (98%), tin octanoate (Sn(Oct)2) (95%), and 1,2-dichlorobenzene (DCB) 
(99%) were purchased from Sigma-Aldrich Co. and were used without further purification. 
Antimony (III) oxide (97%, Panreac Co) was reagent grade and used as received. The solvents 
used for purification and characterization, such as methanol, chloroform, dichloromethane 
(DCM), tetrahydrofuran (THF), diethyl ether, dichloroacetic acid (DCA), and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), were high-purity grade and used as received.  
 
1H and 13C NMR spectra were recorded at 25.0 °C on a Bruker AMX-300 spectrometer operating 
at 300.1 and 75.5 MHz, respectively. Both polyesters and cyclic compounds were dissolved in 
deuterated chloroform or a mixture of deuterated chloroform/trifluoroacetic acid (9/1), and 
spectra were internally referenced to tetramethylsilane. About 10 and 50 mg of sample in 1 mL 
of solvent were used for 1H and 13C, respectively. Sixty-four scans were recorded for 1H, and 
between 1000 and 10 000 scans for 13C NMR, with 32 and 64 K data points and relaxation 
delays of 1 and 2 s, respectively. Matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) mass spectra were recorded in a 4700 Proteomics Analyzer instrument (Applied 
Biosystems). Spectra acquisition was performed in the MS reflector positive ion mode. About 0.1 
mg of sample was dissolved in 50 μL of DCM and 2 μL of this solution were mixed with an equal 
volume of DCM solution of anthracene (10 mg·mL-1) and the mixture left to evaporate to dryness 
onto the stainless steel plate of the analyzer. The residue was then covered with 2 μL of a 
solution of 2,5-dihydroxibenzoic acid in acetonitrile/H2O (1/1) containing 0.1% TFA and the 
mixture was left to dry prior to exposition to the laser beam.  
 
 4 
 
High performance liquid chromatography (HPLC) analysis were carried out at 25.0 °C in a 
Waters apparatus equipped with a UV detector of Applied Biosystems operating at 254 nm 
wavelength, and a Scharlau Science column (Si60, 5 μm; 250 x 4.6 mm). Cyclic oligomers (1 
mg) were dissolved in chloroform (1 mL) and eluted with hexane/1,4-dioxane (70/30 v/v) at a 
flow rate of 1.0 mL·min-1. Molecular weight analysis were performed by GPC using HFIP 
containing sodium trifluoroacetate (6.8 g·L-1) in a Waters equipment provided with RI and UV 
detectors. 100 μL of 0.1% (w/v) sample solution were injected and chromatographed with a flow 
of 0.5 mL·min-1. HR5E and HR2 Waters linear Styragel columns (7.8 mm x 300 mm, pore size 
103-104 Å) packed with crosslinked polystyrene and protected with a precolumn (VanGuard, 1.8 
µm, 2.1 x 5mm) were used. Molecular weight averages and distributions were evaluated against 
PMMA standards. Intrinsic viscosities were measured from polymer solutions in DCA using an 
Ubbelohde viscometer thermostatted at 25.0 ±0.1 °C. 
 
The thermal behavior of cyclic compounds and polymers was examined by differential scanning 
calorimetry (DSC), using a Perkin-Elmer Pyris 1 apparatus. Thermograms were obtained from 4-
6 mg samples at heating and cooling rates of 10 °C·min-1 under a nitrogen flow of 20 mL·min-1. 
Indium and zinc were used as standards for temperature and enthalpy calibration, respectively. 
The glass transition temperature (Tg) was taken as the inflection point of the heating DSC traces 
recorded at 20 °C·min-1 from melt-quenched samples, and melting temperature (Tm) was taken 
as the maximum of the endothermic peak appearing on heating traces. The tensile tests were 
conducted at room temperature on a Zwick BZ2.5/TN1S universal tensile testing apparatus 
operating at a constant crosshead speed of 10 mm·min-1 using a 0.5-N preload and a grip-to-grip 
separation of 20 mm. All reported tensile data represent an average of at least six independent 
measurements. Mechanical testing was performed on melt compression samples 4 mm width 
with an average thickness of 0.16 mm. 
 
2.2. Synthesis of cyclic oligomers c(HT)n by cyclo-depolymerization of PHT. 
PHT was synthesized to be used as the source for cyclic oligomers of hexamethylene 
terephthalate. It was prepared by conventional polycondensation of HD and DMT according to a 
procedure described by us [19], which was a modification of a procedure previously described in 
the literature [15]. The PHT was obtained in 84% yield with a  weight-average  molecular weight 
of 63,000, a Tg~10 ºC and a Tm~140 ºC. NMR (CDCl3, 300 MHz): δ (ppm) 8.09 (s, 4H, ArH), 
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4.36 (t, 4H, OCH2), 1.83 (q, 4H, OCH2CH2), 1.56 (m, 4H, OCH2CH2CH2). 13C{1H}-NMR (CDCl3, 
75.5 MHz): δ (ppm) 165.8 (C=O), 134.1, 129.5 (ArC), 65.3 (OCH2), 28,6 (OCH2CH2), 25.7 
(OCH2CH2CH2). 
 
Cyclic oligomers were produced by cyclo-depolymerization of PHT according to the following 
procedure: PHT (4.96 g, 20 mmol previously dried overnight in a vacuum oven at 60 °C) and 
DCB (200 mL) containing 3 %-mole of DBTO were introduced into a 250 mL round-bottom flask 
equipped with a condenser. This mixture was stirred vigorously, and the reaction was allowed to 
proceed under refluxing at a temperature of 180 °C for a period of time between 2 and 8 days, 
cooled to room temperature and filtered. The clear solution was rapidly evaporated under 
vacuum at 50 °C to dryness, and the recovered solid was washed in methanol and dried at 50 
°C under reduced pressure for 48 h before characterization. The recovered solid (4.2 g, 85% 
yield), consisted of a mixture of cyclic oligomers containing near 90% of dimer to pentamer, 
considering the dimer, trimer, tetramer, etc, as composed of two, three or four hexamethylene 
terephthalate units respectively.  1H NMR (CDCl3, 300 MHz): δ (ppm) 8.08-8.06 (3 s, 2.6H, ArH), 
7.87 (s, 1.4H, ArH dimer), 4.41 (m, 4H, OCH2), 1.84 (m, 4H, OCH2CH2), 1.63 (m, 1.4H, 
OCH2CH2CH2 dimer), 1.54 (m, 2.6H, OCH2CH2CH2). 13C{1H}-NMR (CDCl3, 75.5 MHz): δ (ppm) 
165.8 (C=O), 165.6 (C=O dimer), 134.1, 129.5 (ArC), 133.8, 129.3 (ArC dimer), 65.3 (OCH2 
dimer), 65,2 (OCH2), 28,5 (OCH2CH2), 28.3 (OCH2CH2 dimer), 25.8 (OCH2CH2CH2 dimer), 25.7 
(OCH2CH2CH2). 
 
2.3. Synthesis of PHT by ring-opening polymerization of c(HT)n.  
c(HT)2-5 (0.2 g, 0.8 mmol) and Sb2O3 catalyst (1.17 mg, 0.5 %-mole) were introduced into a vial 
and mixed by dissolving them in DCM and then the solvent slowly evaporated under vigorous 
stirring. The residue was dried at 50 °C under reduced pressure for 24 h. The dried mixture was 
introduced into a two-necked round-bottom flask equipped with a nitrogen inlet/outlet. The flask 
was purged with nitrogen to remove all traces of moisture and residual air and immersed into an 
oil bath at either 175 ºC or 200 ºC and polymerization was carried out for 120 min under a 
nitrogen atmosphere. The reaction mixture was quenched in an ice-water bath and the 
atmospheric pressure was recovered using nitrogen to prevent degradation. The resulting 
polymer was dissolved in chloroform and precipitated with cold methanol. (0.18 g, 92% yield). 1H 
NMR (CDCl3, 300 MHz): δ (ppm) 8.08 (s, 4H, ArH), 4.36 (t, 4H, OCH2), 1.83 (m, 4H, OCH2CH2), 
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1.54 (m, 4H, OCH2CH2CH2). 13C{1H}-NMR (CDCl3, 75.5 MHz): δ (ppm) 165.8 (C=O), 134.1, 
129.5 (ArC) , 65,3 (OCH2), 28,6 (OCH2CH2), 25.7 (OCH2CH2CH2). 
 
2.4. Synthesis of poly(hexamethylene terephthalate-co-caprolactone) copolyesters (PHTxCLy) by 
ring-opening polymerization. 
A mixture of cyclic oligomers c(HT)2-5 and CL with the selected composition ratio and Sb2O3 (0.5 
%-mole), was introduced into a two-necked round-bottom flask equipped with a nitrogen 
inlet/outlet. The flask was purged with nitrogen to remove all traces of moisture and residual air, 
and immersed in an oil heating bath. The reaction was carried out at 175 ºC for 120 min under a 
circulating nitrogen atmosphere. The final reaction mixture was quenched in an ice-water bath, 
and the atmospheric pressure was recovered using nitrogen to prevent degradation. The 
resulting copolymers were dissolved in chloroform and precipitated with cold methanol and 
obtained in over 99% yield. 
 
3. Results and discussion 
3.1. Synthesis and characterization of c(HT)2-5 by cyclo-depolymerization of PHT  
The PHT used as raw material for the production of the c(HT)2-5 cyclic oligomers was 
synthesized by polycondensation of HD and DMT with a weight-average molecular weight of 
63,000 and a polydispersity near to 2. Scheme 1 shows the cyclo-depolymerization reaction and 
includes the synthesis of PHT via ring opening polymerization from c(HT)2-5 cyclic oligomers and 
poly(hexamethylene terephthalate-co-caprolactone) copolyesters (coPHTxCLy) in the bulk from 
cyclic hexamethylene terephthalate oligomers and ε-caprolactone using Sb2O3 as catalyst.  
 
Following our own experience in the preparation of c(HT)n from PHT [19], cyclo-
depolymerization reactions were carried out in refluxing DCB and using DBTO as catalyst. 
Different reaction times and dilutions were tried in order to optimize the formation of cyclic 
oligomers. Results obtained along this experimentation are compared in Table 1. Best yields 
were achieved for longer periods of reaction time and using highly dilute concentrations. 
Conversely no significant alteration in the distribution of cycle sizes took place upon changing 
such variables. This distribution of cycle sizes was in all cases close to that reported by Brunelle 
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et al. [7] for a cyclic fraction prepared by reaction of terephthaloyl chloride with hexamethylene 
glycol in solution at high dilution conditions. Such fraction consisted of species ranging from the  
dimer to the heptamer with percentage contents decreasing with the increase of cycle size. This 
weigh distribution of cyclics was calculated considering that all cyclic oligomers have the same 
detector response per unit weight, a fact that can be assumed if the cycles considered have the 
same repeating units, then the same cromophores.  The fraction obtained at PHT concentration 
of 0.06 mol·L-1 after 4 days of reaction was used for ROP in this work. 
 
The procedure applied for the characterization of the cyclic products obtained by cyclo-
depolymerization of PHT deserves some comments. Firstly the 1H NMR analysis was used to 
assess the chemical constitution as well as to check the absence of linear oligomers whose 
occurrence would be evidenced by the presence of signals arising from both hydroxymethyl and 
aromatic acid end-groups at around 3.6 ppm and 8.1-8.2 ppm respectively. The HPLC 
chromatograms of the crude fraction displayed six well separated peaks corresponding to 
monodisperse oligomers from dimer to heptamer (Figure 1a). Assignment of these peaks was 
made by MALDI-TOF analysis after their isolation by semi-preparative HPLC (Figure 1b). It was 
found that each hexamethylene terephthalate cyclic oligomer of M mass was accompanied by a 
minor amount of the M+100 compound, which was identified by NMR as the corresponding 
oligomer with one hexamethylene glycol unit replaced by one di(hexamethylene glycol) unit. As it 
can be expected, these di(hexamethylene glycol) containing oligomers were not reported to be 
present in the cyclic fractions produced by chemical synthesis from diadic chlorides and diols 
due to milder conditions used for the synthesis [7]. 
 
3.2. Synthesis of PHT by ring-opening polymerization of c(HT)n 
The ring-opening polymerization of the cyclic oligomers c(HT)2-5 was carried out at 175 ºC or 200 
ºC for 120 min either in the presence of 0.5 %-mole of catalyst (Sb2O3, DBTO or Sn(Oct)2) or 
without catalyst. The intrinsic viscosities of the resulting polymers are listed in Table 2 and data 
available for fraction c(HT)6-7 [19] were included for comparison. The viscosity of the cyclic 
oligomers was 0.09 dL·g-1 and it increased significantly upon heating indicating that the ring 
opening polymerization reaction proceeded. As expected, larger increases in viscosity were 
attained at higher temperatures. Although the highest viscosity values were achieved with Sb2O3 
and Sn(Oct)2, polymerization was observed to proceed even in the absence of catalyst upon 
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heating at 200 ºC. In this case, it should be assumed that reaction was activated by catalyst 
residues used in the cyclo-depolymerization reaction, which were not removed by the used 
purification procedure.  
The evolution of polymer size and dimer content with polymerization time was followed by 
viscosimetry and 1H NMR respectively, and results are shown in Figure 2. As expected, the 
intrinsic viscosity increased to attain values between 0.5 and 0.6 dL·g-1 to become nearly 
asymptotic after 3h of reaction (Figure 2a). The 1H NMR analysis of the reaction mixture 
revealed the intake of c(HT)2 and c(HT)3 with reaction time (Figure 2b) as the disappearance of 
the signal at 7.89 ppm and 8.08 ppm, respectively. dimer and  trimer NMR peaks were assigned 
in base of the NMR aromatic proton areas and HPLC data, showing a good correlation with the 
content in both cycles by the two techniques. After 15 min of reaction, 65% and 75% of the initial 
dimer and trimer amounts remained unreacted, and after 30 min of reaction, the left amounts 
were 30% and 16%, respectively. The signal of the trimer completely disappeared after 60 min 
of reaction, whereas small amounts of dimer were still present at the end of the reaction. These 
results evidenced the reluctance of the cyclic dimer to polymerize compared to the trimer. 
Unfortunately this analysis was not feasible with cycles of larger sizes since in such cases no 
NMR signal discriminating between open and close chains could be detected.  
 
The reactivity of c(HT)2-5 and c(HT)6-7 in ROP were then compared. The evolution of intrinsic 
viscosity with reaction time is plotted in Figure 2c for each cyclic fraction. What is worthy to note 
is that a high viscosity was attained at very short reaction times in the ROP of c(HT)6-7, and that 
such viscosity was superior to all other cases in which the c(HT)2-5 fraction was used (Table 2), 
suggesting a higher reactivity of the c(HT)6-7 cycles compared to c(HT)2-5. The slower reactivity of 
smaller cycles, could be due to its lower ring strain, although conclusive results could be 
obtained using Molecular Orbital (MO) calculations. There are other related works on ring 
opening polymerization of cyclic sulfites [20] or lactones with PET [21] were the smaller cycles 
were observed to polymerize with difficulty or nor polymerize due to its very low ring strain. 
 
The heating and cooling DSC traces of c(HT)2-5 and c(HT)6-7 fractions are shown in Figures 3a 
and 3b respectively. In both cases, the first heating trace shows a broad endothermic peak 
attributed to the melting of the cycles. In the second heating, a narrower melting peak should be 
attributed to melting of the cycles as well as the small portion of oligomers or polymer which 
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were produced in the first the thermal treatment due to the residual catalyst present in those 
samples. Apparently, the c(HT)6-7 displayed higher melting temperature and enthalpy as should 
be expected for a cycle plus oligomer which have higher molecular weight. 
 
The change in molecular weight of c(HT)2-5 with reaction time is shown in Figure 3c. Both the 
weight-average and the number-average molecular weights were found to increase with time at 
different rates giving rise to an increase in polydispersity as the reaction proceeded. It is 
observed that after heating for 5 min at 200 ºC some c(HT)2-5 was converted to PHT. This is 
taken as a clear evidence that the thermal changes detected in the second heating DSC traces 
must arise from the melting of mixtures of cycles and the polymer formed from them in the first 
heating. 
The results afforded a clear indication that smaller size c(HT)n cycles display lower ROP 
reactivity, and are consistent with the relatively low reactivity displayed by c(HT)2 in the 
polymerization of the c(HT)2-5 fraction.  
 
 
3.3. Synthesis of coPHTxCLy copolymers by ring opening polymerization 
c(HT)2-5 cyclic oligomers and CL were copolymerized applying the same method described 
previously by us for the preparation of coPHTxCLy using the c(HT)6-7 fraction [19]. Mixtures with 
HT/CL molar ratios ranging between 10/90 and 90/10 were heated at 175 ºC in the presence of 
Sb2O3. Polymerization results and characteristics of the copolymers produced are given in 
Tables 3 and 4. 
The evolution of the copolymerization reaction of the equimolar mixture of c(HT)2-5 and CL was 
followed by GPC; the increasing in the Mw with time is plotted in Figure 4 and compared with 
similar data recorded for the copolymerization of the c(HT)6-7/CL mixtures with the same 
composition. The reactivity of larger size c(HT)n cycles was brought again in evidence since the 
earlier reaction stages. Furthermore, the NMR analysis of the reaction mixture revealed the 
presence of an appreciable amount of dimer that was decreasing as the reaction progressed. 
The GPC chromatograms of the coPHTxCLy copolyesters resulting after 120 min of reaction 
displayed a single peak characteristic of unimodal distribution. Weight-average molecular 
weights oscillating between 30,000 and 40,000 with polydispersities around 2 were obtained in 
the copolymerization of mixtures containing c(HT)2-5. The Mw of the copolyesters prepared from 
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c(HT)6-7 were notably higher for any HT/CL ratio used but without significant differences in 
polydispersity. 
 
The chemical structure and microstructure of the copolyesters were determined by 1H and 13C 
NMR analysis. The 1H NMR spectra of 50/50 copolyester with full signal assignment is shown in 
Figure 5 for illustration. The HT/CL contents were precisely determined from 1H NMR spectra by 
integration of the -methylene protons of caprolactone (signal 5) and both -methylene protons 
of hexamethylene (signals a, a’) and caprolactone (signals 1, 1’) units. These results revealed 
that the composition used in the feed was essentially maintained in the respective resulting 
copolyester, and that it was so from the beginning of the copolymerization reaction. This 
behavior is similar to that observed in the copolymerization of c(HT)6-7 and CL mixtures.  
 
The microstructure of the copolyesters was analyzed for all the essayed compositions. As it can 
be seen in Fig. 6a, the 13C NMR spectra appeared to be extremely sensitive to triad sequence 
effects. In fact, four peaks were observed in the region of the 13C NMR spectra for each the , 
, and-CH2 of hexamethylene (H) as well as for the and CH2 caprolactone (CL) units. 
Taking the signals due to the -methylene of H units, the quantification of the different peaks (b, 
b’ ,b’’, b’’’) applying Lorentzian deconvolution allowed to calculate the conditional probability 
(P(AH/BT)=P(BT/AH) = a) . With this value and following the methodology developed by Tessier et 
al. [22] for condensation copolymers containing both symmetrical and unsymmetrical units, the 
degree of randomness was calculated using the following expression:  
 
B = (1-a) (2xT+xCL)/xCL 
 
where xT and xCL are the molar ratio of terephthalate and caprolactone in the copolymer. As it 
can be seen in Table 3, the degree of randomness decreased with the content in CL from a 
value near to unity for the coPHT90CL10 to 0.5 for coPHT10CL90 indicating that the copolymers 
with a low content in CL were almost at random whereas for high content in these units 
displayed some block copolymer character. The calculated values are almost coincident with 
those calculated for the copolymers obtained in the copolymerization of c(HT)6-7 and CL mixtures 
using this methodology (Table 4) whose values show slight deviations to previously published 
ones [19] (see supplementary information). It is worthy to note that a decrease in the degree of 
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randomness with the increasing content in lactone had been previously observed for 
copolyesters obtained in the high temperature reaction of poly(ethylene terephthalate) with 
lactones [21].  
 
For the coPHT50CL50 copolyester, a detailed study of the progress of the reaction as a function of 
time was carried out. The evolution of copolymer microstructure with reaction time was 
monitored via the changes observed for the 13C NMR signals arising from the -CH2 of the 
hexamethylene as well as the signals due to -, and -CH2 of the CL units, which are known to   
be well resolved at the level of triads. As it can be observed in Figure 6b, the signals due to 
homosequences decreased and new peaks due to heterosequences increased as the reaction 
proceeded. A detailed account of the NMR analysis results is provided in Table 4, where 
experimental copolyester compositions, the contents in H-unit centered triads and the degree of 
randomness are given for increasing reaction times. These results reveal that a block 
microstructure was generated a short reaction times, which evolved to a nearly random 
distribution as the reaction proceeded. Similar results were observed for some copolymers 
obtained wich were obtained by entropically driven ring-opening polymerization using 
macrocyclic oligoesters [23]. The evolution of randomness with reaction time of the copolymer 
50/50 synthesized from c(HT)2-5 is plotted in Figure 7 and compared with similar data recorded 
for the copolymerization of the c(HT)6-7/CL mixture with the same composition. At early reaction 
stages the copolyester made from c(HT)2-5 cycles is more blocky than that prepared from c(HT)6-
7. It seems therefore that the relative reactivities of terephthalate and caprolactone cycles are 
closer for larger sizes of the formers. In both cases, after 90 min of reaction, the microstructure 
is mostly random due to extensive transesterification reactions taking place a high temperatures.  
 
3.4. Thermal and mechanical properties of coPHTxCLy. 
The thermal data of coPHTxCLy copolyesters obtained by ROP of mixtures of CL and either 
c(HT)2-5 or c(HT)6-7 recorded by DSC and TGA analysis are compared in Table 4, where 
corresponding data for the parent homopolymers PHT and PCL obtained by the same procedure 
have been also included for comparison. The melting temperature and enthalpy for copolymers 
decreases following a similar trend indicating the disturbing effect exerted by the CL units on 
crystallization. The same effect was observed for copolyesters made by using the c(HT)6-7 
fraction.  
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The DSC traces for copolymers obtained with both cyclic fractions are compared in Figure 8. 
Regardless of the microstructure of the copolymer, homogeneous segments are long enough to 
form crystallites with stable size in the range of compositions, except for 30/70 for both cyclic 
fractions and copolymer 50/50 obtained with c(HT)6-7. On the other hand, the copolymers 
obtained with c(HT)2-5 present higher crystallinity than copolymers synthesized with c(HT)6-7 
fraction, although due to the difference in molecular weight is not possible to determine whether 
differences in melting temperature and crystallinity are the result of using a fraction of cycles or 
different molecular size. Copolyesters prepared from c(HT)2-5 clearly show a Tg that decreases 
steadily from 1 ºC (copolymer 90/10) down to -53 ºC (copolymer 10/90) covering the whole 
range of values limited by the parent homopolymers PHT and PCL. These observations are 
explained taking into account the  nearly random comonomer distribution present in the 
copolyesters with low CL content and assuming a good miscibility between the HT and CL 
blocks present in the copolyesters with high CL content. In these blocky copolyesters, only one 
of the constituents form sequences long enough as to be able to crystallize. 
 
Valuable information for the potential of these copolyesters concerns their mechanical 
properties. These were evaluated by stress-strain assays and compared to PHT. Representative 
stress-strain plots are compared in Figure 9 and numerical values obtained from these assays 
are given in Table 4. Whereas PHT fractured in a brittle fashion with very low elongation at 
break, the copolymers were ductile with the Young’s modulus decreasing and elongation at 
break increasing as the content in CL increased. As a result, materials with different mechanical 
properties to meet different applications can be obtained by adjusting the comonomer feed ratio. 
 
4. Conclusions 
Hexamethylene terephthalate cyclic oligomers were prepared by cyclo-depolymerization of PHT 
in dilute solution. The oligomeric fraction comprised from dimer to heptamer with the 2 to 5 unit 
cycles accounting for near 95% of the sample. This fraction could be polymerized to PHT but 
needing more time and producing polyester of lower molecular weight than when a fraction 
enriched in hexamer-heptamer cycles was used. Copolymerization of the 2-5 fractions with ε-
caprolactone produced copolyesters with composition and microstructure similar to those 
prepared from the 6-7 fractions but with significantly lower molecular weight. Thermal properties 
of the copolyesters coming from either 2-5 or 6-7 fractions were almost undistinguishable. The 
 13 
 
overall conclusion of this work is that ring opening polymerization and copolymerization of cyclic 
hexamethylene terephthalate oligomers is favored for higher cycle sizes and that the structure 
and properties of the copolyesters are essentially similar in both cases except as molecular 
weight is concerned. The fact that copolyesters with low CL content presented a nearly random 
microstructure in both cases is accounted by the occurrence of extensive transesterification 
reaction taking place from the earliest stages of the copolymerization reaction; this 
thermodynamic equilibrium is more difficult to achieve for the copolyesters with high CL 
contents, which invariably show a rather blocky microstructure. 
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Legends to figures 
 
Scheme 1.  Preparation of c(HT)2-5 via cyclo-depolymerization and route leading to PHT and 
coPHTxCLy by ring opening polymerization of c(HT)2-5 oligomers and CL. 
 
Figure 1. a) HPLC chromatogram of the cyclic oligomer fraction obtained by cyclo-
depolymerization of PHT in solution. b) MALDI-TOF mass spectra of individual species present 
in the oligomer cyclic fraction (C2 to C7 from top to bottom). 
 
Figure 2. a) Evolution of intrinsic viscosity and dimer content with reaction time. b) 1H-NMR 
spectra in the aromatic region of PHT obtained from c(HT)2-5  with reaction time. c) Influence of 
cycle sizes on ROP of c(HT)n in the intrinsic viscosity with reaction time. 
 
Figure 3.  DSC thermograms of c(HT)2-5 (a) and c(HT)6-7 (b). c) Increase of average molecular 
weights with reaction time of c(HT)2-5 ROP without catalyst. 
Figure 4. Evolution of the weight-average molecular weight of coPHT50CL50 as a function of 
reaction time for the two cyclic oligomer fractions. 
Figure 5. 1H-NMR spectrum of coPHT50CL50 recorded in CDCl3/TFA 9/1 with peak assignments. 
Figure 6. a) 13C-NMR spectra of coPHTxCLy and b) coPHT50CL50 at different reaction times 
recorded in CDCl3/TFA 9/1 with triad sequence assignment in the region of -CH2 of 
hexamethylene units and and -CH2 of CL units. 
Figure 7. Evolution of the randomness of coPHT50CL50 as a function of reaction time for the two 
cyclic oligomer fractions. 
Figure 8. DSC heating thermograms recorded from coPHTxCLy synthesized from mixtures of CL 
and c(HT)2-5 (a) or c(HT)6-7 (b). 
Figure 9. Compared stress-strain curves for copolyesters coPHTxCLy. 
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Table 1 
 Cyclo-depolymerization of PHT. 
Yields (%- weight) of cyclic n-mersa PHT/DCB 
(mol·L-1) 
t  
(days) 
Yield 
(% w/w) n=2 n=3 n=4 n=5 n=6 n=7 
0.1 
0.1 
2 
4 
43 
85 
44.2
43.8
27.5
27.5
14.9
15.6
8.2 
6.2 
3.3 
3.8 
1.9 
2.9 
0.1 8 92 44.9 26.8 15.2 8.0 3.2 1.8 
0.06 4 90 43.4 27.8 15.5 8.2 3.1 1.9 
a Composition of cyclic product analyzed by HPLC/MALDI-TOF. 
 
 
 
 
 
 
Table 2 
 Ring opening polymerization of c(HT)n for 120 min. 
Catalysta n b T(ºC) c(HT)2c 
(%-mole) 
[]d 
(dL·g-1) 
-e  2-5 - e   43.8 e 0.09 
none 2-5 200 19.8 0.17 
Sb2O3 2-5 175 12.1 0.26 
 2-5 200 2.2 0.54 
 6-7 200 - 0.67 
DBTO 2-5 175 13.2 0.26 
 2-5 200 2.5 0.46 
Sn(Oct)2 2-5 175 13.6 0.33 
 2-5 200 2.1 0.54 
a0.5 %-mole. 
bCycle size.* For c(HT)6-7: 20 min of reaction time. 
cResidua dimer after ROP determined by 1H NMR. 
dIntrinsic viscosity in DCA at 25 ºC. 
eNot applicable. This row refers to the c(HT)2-5 cycles characterization.  
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Table 3 
Composition, average sequence lengths and randomness of coPHTxCLy copolyesters.a 
 Compositionb Triads contentc (mol %)  Randomnessd 
Copolyester t (min) n xHT xCL THT THCL CLHCL ac (B) 
coPHT90CL10 120 2-5 90.2 9.8 89.6 10.4 0 0.95 1.03 
  6-7 92.1 7.9 91.8 8.2 0 0.96 1.01 
coPHT70CL30 120 2-5 77.1 22.8 78.5 19.6 1.9 0.89 0.90 
  6-7 73.7 26.3 77.1 19.8 3.1 0.87 0.83 
coPHT50CL50 30 2-5 51.5 48.5 89.4 10.6 0.5 0.95 0.17 
  6-7 46.9 53.1 58.4 38.0 3.6 0.77 0.64 
 60 2-5 50.7 49.3 65.6 30.6 3.8 0.81 0.58 
  6-7 45.5 54.4 55.8 37.0 7.2 0.74 0.68 
 90 2-5 49.7 50.3 58.6 35.7 5.7 0.77 0.70 
  6-7 46.9 53.2 52.6 39.7 7.7 0.73 0.76 
 120 2-5 52.7 47.3 53.6 39.0 7.2 0.73 0.87 
  6-7 51.0 49.0 53.2 39.2 7.6 0.73 0.84 
coPHT30CL70 120 2-5 33.4 66.6 45.0 18.0 25.0 0.61 0.79 
  6-7 25.1 74.9 26.7 46.9 26.4 0.51 0.82 
coPHT10CL90 120 2-5 10.5 89.5 39.6 45.5 14.9 0.63 0.46 
  6-7 9.9 90.1 39.6 45.5 14.9 0.63 0.46 
a Copolyesters obtained at 175ºC and 0.5 mol% Sb2O3 catalyst . 
b Determined from 1H NMR spectra. 
c Determined by deconvolution of the -methylene signals of the hexamethylene units observed in the 13C NMR 
spectra. 
d The values of a and randomness were calculated by applying the expressions given in the text. 
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Table 4 
 Molecular weights and thermal and mechanical properties of coPHTxCLy copolyesters.a 
Copolyester  GPC DSC and TGA  Tensile test 
 nb Mwc PDc Tgd  
(ºC) 
Tme  
(ºC) 
ΔHme  
(J·g-1) 
oTdf 
(ºC) 
 E 
(MPa)g 
εbreakg 
(%) 
PHT 2-5 39,000 2.0 9 143 36 382  620.1 2.2 
 6-7 50,300 2.1 11 143 36 385    
coPHT90CL10 2-5 38,300 1.9 1 133 36 380  488.8 9.5 
 6-7 55,200 2.1 4 131 32 385    
coPHT70CL30 2-5 35,800 2.1 -17 119 28 371  311.7 12.7 
 6-7 50,200 2.0 -16 82 19 369    
coPHT50CL50 2-5 32,900 2.0 -38 79 20 364  75.6 13.5 
 6-7 53,400 2.0 -32 n.o. n.o. 372    
coPHT30CL70 2-5 33,700 2.0 -48 n.o. n.o. 358  27.6 20.8 
 6-7 38,200 2.0 -44 n.o. n.o. 330    
coPHT10CL90 2-5 31,300 1.9 -53 42 46 340  - - 
 6-7 40,800 1.8 -51 56 54 332    
PCLa  - 32,900 1.7 -60 60 90 377  - - 
a PHT and copolyesters obtained at 175ºC for 120 min and 0.5 mol% Sb2O3 catalyst . Reaction time for PCL (48h).  
b Cyclic size. 
c Weight-average molecular weight and polydispersity determined by GPC. 
d Glass transition temperature from melt-quenched samples determined by DSC at 20 ºC·min-1. 
e Melting temperature and enthalpy determined by DSC on the second heating at 10 ºC·min-1. 
f Maximum rate decomposition temperatures determined by TGA under inert atmosphere. 
g Young modulus and elongation at break determined by tensile test. 
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Fig. 1.  a) 13C-NMR spectra of coPHTxCLy and b) coPHT50CL50 obtained from c(HT)6-7  
cyclic oligomers and CL at different reaction times recorded in CDCl3/TFA 9/1 with triad 
sequence assignment in the region of  -CH2 of hexamethylene units and and -CH2 
of CL units. 
Table 1. Compared degree of randomness of of coPHTxCLy  obtained from c(HT)6-7  cyclic 
oligomers and CL taken from ref. 19 and the recalculated ones using the new 
methodology proposed in the text [22]. 
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Fig. 1.  a) 13C-NMR spectra of coPHTxCLy and b) coPHT50CL50 obtained from c(HT)6-7  cyclic 
oligomers and CL at different reaction times recorded in CDCl3/TFA 9/1 with triad sequence 
assignment in the region of -CH2 of hexamethylene units and   and -CH2 of CL units. 
 S3
In reference 19, we used the region of CH2 of both hexamethylene and CL units to 
calculate the number average sequence lengths and randomness of CL an HT units, but 
in fact other sequences were not taken into account and then the values obtained were 
not good enough. Now we use the region of the CH2 of hexamethylene units that split 
into four peaks due to the three different triads centered in H units. By integration of these 
peaks and using the equations mentioned in the text, taken from ref. 22, the randomness 
degree was recalculated for these copolymers. 
 
 
 
 
Table 1 
Compared degree of randomness of of coPHTxCLy obtained from c(HT)6-7  
cyclic oligomers and CL taken from ref. 19 and the recalculated ones using 
the new methodology proposed in the text [20]. 
compositiona Randomness 
Copolyester t (min) xHT xCL (B) 
coPHT90CL10 120 92.1 7.9 1.01 b 
    0.83 c 
coPHT70CL30 120 73.7 26.3 0.83 b 
    1.04c 
coPHT50CL50 30 46.9 53.1 0.64 b 
    0.74 c 
 60 45.5 54.4 0.68 b 
    0.83 c 
 90 46.9 53.2 0.76 b 
    0.96 c 
 120 51.0 49.0 0.84 b 
    0.98 c 
coPHT30CL70 120 25.1 74.9 0.82 b 
    0.95 c 
coPHT10CL90 120 9.9 90.1 0.46 b 
    0.76 c 
a Determined from 1H NMR spectra. 
b The values of  randomness were calculated by applying the expressions given in 
the text. 
c These values of  randomness were taken from ref 19. 
 
 
